1.. INTRODUCTION {#S1}
================

Mastitis, inflammation of the mammary tissue, is a common disease in dairy animals and a worldwide problem, leading to multibillion dollar economic losses \[[@R3], [@R11]\]. Mastitis is caused by bacterial invasion and colonization of the teat canal and mammary pathogenic *Escherichia coli* (MPEC) is a leading cause of the disease in dairy animals \[[@R22], [@R32]\]. Although specific virulence factors have not been identified, the microbial cell wall component, lipopolysaccharide (LPS), is an important virulence factor of MPEC. Inoculation of the mammary gland with bacterial LPS is sufficient to induce an inflammatory response \[[@R2]\] initiated by LPS/TLR4 signaling \[[@R10]\]. The innate response to pathogen invasion of the mammary gland is likely to be dictated by tissue-resident macrophages, as well as epithelial cells, that are exposed to the alveolar and duct spaces. Prime candidates for the first line of defense against invading bacteria and their products are alveolar macrophages that are present in normal mammary secretion and milk \[[@R27]\]. Both alveolar macrophages and epithelial cells were shown in vitro to respond to microbes by eliciting inflammatory mediators and modulators \[[@R18], [@R27]\] that strongly attract neutrophils to migrate across the polarized alveolar epithelial layer into the lumen \[[@R24], [@R25]\]. However, our study using adoptive transfer of normal macrophages into the mammary gland of TLR4-deficient C3H/HeJ mice, challenged with LPS, showed that alveolar macrophages are sufficient to elicit neutrophil recruitment into the alveolar space \[[@R10]\]. Furthermore, we found the highest levels of TLR4 and CD14 expression on mammary macrophages and that mammary dendritic cells (DC) were ignorant to the LPS challenge \[[@R10]\].

The aim of the present work was to determine if neutrophil recruitment in response to LPS is strictly dependent on mammary alveolar macrophages and to elucidate the signals involved in this neutrophil recruitment.

2.. MATERIALS AND METHODS {#S2}
=========================

2.1.. Intramammary mouse LPS challenge {#S3}
--------------------------------------

Six to eight week-old female C3H/HeN, BALB/c, C57BL/6, TNFα gene-deficient (TNFα −/−), CXC chemokine receptor-2 gene-deficient (CXCR2 −/−), iNOS gene-deficient (iNOS −/−) and IL-1 receptor type 1 gene-deficient (IL-1R −/−) mice were used in this study. All knockout mice were purchased from The Jackson Laboratory (Bar Harbor, Main, USA) and are described in the JAX^®^ Mice Database[1](#FN2){ref-type="fn"}. Mice were maintained under specific pathogen free conditions and handled under protocols approved by the Hebrew University Animal Care and Use Committee, according to international guidelines. LPS intramammary challenge was performed 7--10 days post partum. LPS was purchased as lyophilized, purified *E. coli* 0111:B4 (L3024, Sigma, St. Louis, MO, USA). This LPS preparation was tested in vitro and it does not contain other TLR ligands in detectable levels (data not shown). Mice were challenged via teat canal catheterization with 10 μL of LPS solution (10 μg) as previously described \[[@R10]\]. The challenged gland was the abdominal L4, whereas abdominal R4 was injected with PBS only as a control in the same manner.

2.2.. Mammary alveolar macrophage depletion {#S4}
-------------------------------------------

Mammary alveolar macrophages were depleted by intramammary infusion of 50 μL of clodronate liposomes (containing dichloromethylene diphosphonate, CL~2~MDP, a gift from Boehringer Mannheim GmbH, Mannheim, Germany). Contralateral control glands were similarly infused with saline liposomes. All liposomes were prepared and supplied by N. van Rooijen as previously described \[[@R37]\]. Liposomes were infused into the teat canal of lactating mice 24 h before LPS challenge using the above-described technique.

2.3.. Adoptive transfer of macrophages {#S5}
--------------------------------------

Wild-type C57BL/6 mouse peritoneal macrophages were harvested by peritoneal lavage with 10-mL cold PBS 3 days following intraperitoneal injection of 1 mL sterile 3% thioglycollate medium (Hylabs, Rehovot, Israel). Peritoneal cells were centrifuged at 400 × *g* for 10 min at 4 °C and washed with PBS. Cells were resuspended in complete media; DMEM medium was supplemented with 4 mM L-glutamine, 1% penicillin/streptomycin, 10% heat-inactivated fetal bovine serum (Biological Industries, Kibbutz Beit Haemek, Israel), and 25 mM HEPES (Gibco), and incubated at 37 °C and 5% CO~2~ in 75 mm^2^ tissue culture flasks. Nonadherent cells were removed by washing with ice-cold PBS and adherent cells were allowed to incubate for 5 days. Cells were harvested by incubating with 0.05% trypsin/EDTA (1:5 000) solution (Biological Industries) after which macrophages were resuspended in complete media without penicillin/streptomycin, enumerated with a hemocytometer and viability was assessed by trypan blue exclusion. Cells were collected by centrifugation, resuspended in PBS in the required concentration of 2 × 10^5^ cells in 50 μL. Based on Diff-Quik-stained cytospin preparation and flow cytometry analysis using F4/80 monoclonal antibodies, the cell suspension contained \> 98% macrophages. Macrophages were infused into the teat canal of lactating mice just before LPS challenge using the above-described technique.

2.4.. Adoptive transfer of neutrophils {#S6}
--------------------------------------

Wild-type C57BL/6 mice were euthanized and bone marrow from the tibias and femurs was flushed with PBS. Harvested bone marrow was passed through a nylon cell strainer, washed twice in 10 mL PBS and placed on 10 mL Histopaque 1080 (Sigma, Rehovot, Israel) followed by centrifugation at 1 000 *g* for 30 min. The neutrophil pellet was then isolated, and red blood cells were lysed for 1 min with double volumes of distilled water, followed by a fast recovery of isotonicity with 10 × PBS. Cells were then washed twice by centrifugation in PBS, resuspended and enumerated with a hemocytometer and viability was assessed by trypan blue exclusion. The cell suspension, based on a Diff-Quik-stained cytospin preparation, contained \> 90% neutrophils. Adoptive transfer of wt neutrophils was performed by injecting 10^6^ neutrophils in 100 μL into the coccygeal vein of IL-1R −/− mice immediately before intramammary LPS challenge.

2.5.. Histochemical analysis {#S7}
----------------------------

Gland tissues were trisected for cytokines, chemokines and myeloperoxidase (MPO) assays, histology and immunohistochemistry. Samples for histological analysis were fixed in neutral buffer 4% formaldehyde, paraffin-embedded, and sections were cut and stained with haematoxylin and eosin (HE). Fresh mammary tissue for fluorescence staining was fixed in 2.5% paraformaldehyde over-night at room temperature, incubated with 15% sucrose for 12 h at 4 °C and frozen in Tissue-Tek^®^ (EMS, Hatfield, PA, USA) embedding medium. Serial cryosections of 5 μm were stained with CMTMR (CellTracker™, 0.1 μM, Invitrogen, Carlsbad, CA, USA) or phalloidin-rhodamine (Sigma). Sections for immunohistochemistry were blocked with 3 μg/mL IgG (Caltag, Invitrogen) for 1 h at room temperature. For CD68 staining, permeabilization (with 0.1% saponin and 1% BSA) was performed prior to using CD68 mAb (eBioscience) and anti-rat IgG Alexa-fluor 594 Ab (Invitrogen). Samples were mounted with VectaShield^®^ containing 4′,6′-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA) and imaged with a Zeiss Axioscope II fluorescent microscope for 3 color imaging. Image acquisition was conducted with Simple PCI software.

2.6.. Cytokines, chemokines and MPO assays {#S8}
------------------------------------------

For the cytokines, chemokines and MPO assays, 100 mg of mammary gland tissue was homogenized on ice in 1 mL of sterile 0.025% Triton X-100/PBS. After homogenization, samples were centrifuged (10 000 *g*) for 5 min at 4 °C and then the supernatant was removed, aliquoted and frozen at −80 °C. Total protein concentration was determined by the Bradford assay (Sigma) and the concentrations of interleukin 1β (IL1β), tumor necrosis factor α (TNFα), keratinocyte derived chemokine (KC) and macrophage inflammatory protein-2 (MIP-2) were measured in duplicate by mouse ELISA (R&D Systems, Minneapolis, MN, USA), according to the manufacturers' instructions. Cytokine and chemokine levels were reported per mg total protein.

MPO activity in mammary tissue homogenates was measured as previously reported \[[@R10]\]. Briefly, colorimetric reaction in triplicate samples was used to compare MPO activity in the inoculated glands and the contralateral control gland using tetramethyl benzidine (TMB, Vector Labs.) as the substrate at a wavelength of 450 nm. A standard curve relating known MPO activity (MPO, Sigma) with the absorbance was obtained and total MPO activity was calculated as mU per mg total protein. The relative MPO activity was calculated by the ratio between total MPO activity measured in the LPS-challenged gland and in the contralateral, unchallenged controlled gland.

2.7.. Statistical analysis {#S9}
--------------------------

Relative MPO activity and concentrations of IL1β, TNFα, KC and MIP-2 are reported as the means ± standard errors of the means (S.E.) of values obtained from at least two different experiments and *n* ≥ 6/group. Comparisons of the means were tested with the *t*-test for paired values. A *p* value of 0.05 or less was considered significant.

3.. RESULTS {#S10}
===========

3.1.. Mammary alveolar macrophages are essential for LPS/TLR4 signaling {#S11}
-----------------------------------------------------------------------

To investigate the role of mammary alveolar macrophages in LPS-induced murine mastitis, we examined the effect of depleting this population using liposome-encapsulated clodronate. Clodronate liposomes or saline liposomes were infused into the teat canal 1 day before intramammary LPS challenge. Histological analysis showed that steady state macrophages are localized in the interstitium and occasionally the alveolar space ([Fig. 1A](#F1){ref-type="fig"}). Intramammary clodronate infusion eliminated alveolar macrophages but the interstitial macrophage population remained unaffected. Liposomes are probably highly stable in milk since they were visualized by fluorescence microscopy for up to 9 days after intramammary infusion (Supplementary material available on line at [www.vetres.org](http://www.vetres.org) [Figs. S1A](#SD1){ref-type="supplementary-material"} and [S1B](#SD1){ref-type="supplementary-material"}, 24 h after infusion). We previously showed that intramammary LPS challenge stimulates interstitial macrophage recruitment into the alveolar spaces \[[@R10]\]. Although interstitial macrophages were unaffected by intramammary clodronate infusion (liposomes were not observed outside the milk spaces), macrophages trafficking into the alveolar space were eliminated by the liposome-clodronate persisting in this space.Figure 1.Mammary alveolar macrophages are essential for neutrophil recruitment elicited by LPS/TLR4 signaling in the mammary gland. Alveolar macrophages are demonstrated in the normal mammary gland of C57BL/6 mouse by fluorescence staining with DAPI, CMTMR and anti CD68 mAb (red on line) of cryosection (arrows in A). Mammary glands of lactating C3H/HeN mice were infused with either liposome-encapsulated PBS (C and D) or clodronate (E and F) followed by intramammary infusion of 10 μg LPS. H&E staining of formalin-fixed mammary tissues 24 h after LPS inoculation (C--F). Inserts of C and E are magnified in D and F. LPS infused into the alveolar macrophages-depleted gland failed to induce disease (E and F), only liposomes are visible in the alveolar spaces (arrows in E and F) while neutrophil recruitment into the alveolar space is clearly visible (large arrows in C and D) together with the control PBS-liposomes (small arrows in D). Neutrophil recruitment to the mammary gland was assessed by the MPO assay (B). Significant difference in relative (LPS to PBS-challenged gland) MPO activity was observed in the mammary glands of C3H/HeN mice infused with PBS-liposomes compared with clodronate-liposome infused mice 24 h after intramammary challenge with 10 μg LPS. Data are mean and S.E., *n* ≥ 6/group and *p* value compared PBS-liposome with clodronate-liposome infused mice using the Student *t*-test. Scale bars 20 μm (A), 200 μm (C and E), 50 μm (D and F). (A color version of this figure is available at [www.vetres.org](http://www.vetres.org).)

Histopathological examination of mammary gland infused with saline liposomes 24 h before LPS challenge revealed massive recruitment of neutrophils into the alveolar spaces and milk ducts. No signs of inflammation were present in the interstitial tissue, and the blood vessels as well as the ductal and alveolar epithelium maintained normal morphology ([Figs. 1C](#F1){ref-type="fig"} and [1D](#F1){ref-type="fig"}). Mammary glands infused with clodronate liposomes 24 h before LPS challenge were not inflamed and were free of disease signs and symptoms ([Figs. 1E](#F1){ref-type="fig"} and [1F](#F1){ref-type="fig"}). To substantiate these results, we used the MPO assay to quantify the levels of neutrophil infiltration into the mammary glands upon LPS treatment. Whereas the LPS challenge resulted in a marked increase of MPO activity in the saline-liposome pretreated mammary glands, MPO activity in the clodronate-liposome pretreated mammary glands remained low upon LPS treatment (*p* = 0.0167) ([Fig. 1B](#F1){ref-type="fig"}).

3.2.. Production of mammary inflammatory cytokines and chemokines is dependent on LPS/TLR4 signaling in alveolar macrophages {#S12}
----------------------------------------------------------------------------------------------------------------------------

To investigate the down-stream signals elicited by LPS/TLR4 signaling in alveolar macrophages, we analyzed the concentrations of IL1β, TNFα, KC and MIP-2 in mammary gland homogenates of C3H/HeN and TLR4-deficient, C3H/HeJ mice 24 h after intramammary challenged with LPS. Blood neutrophil recruitment and mammary inflammation in C3H/HeN mice following LPS/TLR4 signaling in alveolar macrophages was previously described \[[@R10]\]. This was associated with high concentrations of IL1β, TNFα, KC and MIP-2 in the mammary tissues ([Fig. 2](#F2){ref-type="fig"}). The refractory state of the TLR4-deficient C3H/HeJ mouse to LPS challenge was previously described \[[@R11]\] and is also reflected here by the basal levels of IL1β, TNFα, KC and MIP-2 in the mammary tissue ([Fig. 2](#F2){ref-type="fig"}).Figure 2.Mammary cytokine and chemokine concentrations 24 h after intramammary infusion of 10 μg LPS in C3H/HeN and C3H/HeJ mice. Bars represent mean concentrations per mg total protein and S.E. of TNFα, IL-1β, MIP-2 (CXCL2) and KC (CXCL1) measured by ELISA in tissue homogenates of LPS and PBS-infused control glands of 6 mice in two different experiments. *p* \< 0.05 value compared means between LPS and PBS-infused control glands using the Student *t*-test.

3.3.. TNFα is essential for neutrophil recruitment after LPS/TLR4 signaling on alveolar macrophages {#S13}
---------------------------------------------------------------------------------------------------

To investigate the role of TNFα as a down-stream signal elicited by LPS/TLR4 signaling, TNFα −/− mice were intramammarlly challenged with LPS. Mammary glands of TNFα −/− mice infused with 10 μg of LPS were not inflamed and remained free of disease signs and symptoms ([Fig. 3B](#F3){ref-type="fig"}). We further used the MPO assay to compare the levels of neutrophil infiltration into the mammary glands upon LPS treatment. Importantly, whereas the LPS challenge resulted in a marked increase of MPO activity in the mammary glands of C57BL/6 mice, MPO activity in the mammary glands of TNFα −/− mice remained low upon LPS treatment, similar to that found in the saline-infused control gland ([Fig. 3D](#F3){ref-type="fig"}).Figure 3.TNFα is an essential down-stream signal of LPS/TLR4 signaling on mammary alveolar macrophages mediating neutrophil recruitment. Mammary glands of lactating C57BL/6 and TNFα −/− mice were infused with 10 μg LPS. H&E staining of formalin-fixed mammary tissues 24 h after LPS inoculation (A−C). Massive recruitment of neutrophils into the alveolar space is seen in C57BL/6 mice (A and [Fig. 6C](#F6){ref-type="fig"}) while no signs of inflammation are observed in TNFα −/− mice (B and inset B). Intramammary transfer of C57BL/6 macrophages into TNF −/− mice restored LPS-induced mammary inflammation ([Fig. 3C](#F3){ref-type="fig"}) identically to that in C57BL/6 mice. Neutrophil recruitment to the mammary gland was assessed by the MPO assay (D). A significant difference in relative (LPS to PBS-challenged gland) MPO activity was observed in mammary glands of TNFα −/− mice after macrophage transfer compared with C57BL/6 and TNFα −/− mice. Data are mean and S.E., *n* ≥ 6/group and *p* values represent a comparison between groups using the Student *t*-test. Scale bars 50 μm (A, C and inset B), 200 μm (B). (A color version of this figure is available at [www.vetres.org](http://www.vetres.org).)

To investigate the specific contribution of alveolar macrophages in LPS/TLR4-mediated TNFα production, we used the procedure of intramammary adoptive transfer of wt C57BL/6 macrophages to TNFα −/− mice. To this end, wt peritoneal macrophages were harvested and introduced into the mammary glands of TNFα −/− recipients mice just prior to LPS infusion. Whereas LPS inoculated into the mammary glands of TNFα −/− mice failed to induce disease ([Fig. 3B](#F3){ref-type="fig"}), intramammary transfer of wild-type macrophages restored LPS-induced mammary inflammation identically to that observed in wild-type mice ([Fig. 3C](#F3){ref-type="fig"}). Control C57BL/6 or TNFα −/− glands infused with either wt or TNFα −/− macrophages were normal. Furthermore, the effect of the grafted macrophages was restricted to the infused gland, since LPS infusion of the contralateral gland had no effect. Taken together, these results indicate that TNFα is an essential down-stream signal of LPS/TLR4 signaling on mammary alveolar macrophages mediating neutrophil recruitment and inflammation.

3.4.. Neutrophil recruitment across the alveolar epithelium is IL1β and IL8 dependent {#S14}
-------------------------------------------------------------------------------------

To study the role of IL1β and IL8 in the pathogenesis of LPS murine mastitis, IL1 receptor type 1 (IL1R −/−), IL8 receptor (IL8R −/−) gene-deficient mice and their respective wt C57BL/6 and BALB/c mice were intramammarilly challenged with LPS. Histopathological examination of LPS-treated glands of IL1R −/− mice revealed profound mastitis development characterized by massive recruitment of neutrophils into highly congested blood vessels and interstitium ([Figs. 4A](#F4){ref-type="fig"}--[4C](#F4){ref-type="fig"}). In the absence of the IL1R signal, neutrophil influx into the mammary gland was increased as reflected by higher levels of MPO activity in mammary gland homogenates ([Fig. 4D](#F4){ref-type="fig"}). However, while in wt mice, as previously described, massive neutrophil recruitment into the alveolar and duct spaces was observed, in IL1R −/− mice only few neutrophils were observed in these spaces. Instead, neutrophils accumulated in highly congested blood vessels and in the interstitial space ([Figs. 4B](#F4){ref-type="fig"} and [4C](#F4){ref-type="fig"}). These observations suggest that neutrophil recruitment across the mammary epithelial barrier in response to LPS/TLR4 signaling on alveolar macrophages is dependent on IL1R signaling.Figure 4.Neutrophil recruitment across the alveolar epithelium is IL1β dependent. Mammary glands of lactating IL1R −/− mice were infused with 10 μg LPS. H&E staining of formalin-fixed mammary tissues 24 h after LPS inoculation (A−C). Recruited neutrophils (arrows) are trapped in congested capillaries and interstitium unable to transverse the mammary epithelium (A−C). This is better seen in B which is an enlargement of the inset area in A and also in C. Increased neutrophil recruitment to the mammary gland was indicated by the MPO assay (D). Significantly higher relative (LPS to PBS-challenged gland) MPO activity was observed in mammary glands of IL1R −/− mice compared with C57BL/6 mice. Adoptive transfer of 10^6^ wt neutrophils restored normal neutrophil recruitment into the alveolar spaces (E and F) which is also reflected by similar relative MPO activity (D). Data are mean and S.E., *n* ≥ 6/group and *p* values represent comparison between groups using the Student *t*-test. Scale bars 200 μm (A), 50 μm (B and C). (A color version of this figure is available at [www.vetres.org](http://www.vetres.org).)

Adoptive transfer of wt neutrophils into IL1R −/− mice before intramammary LPS challenge was sufficient to restore normal neutrophil recruitment into the alveolar spaces as demonstrated in [Figures 4E](#F4){ref-type="fig"} and [4F](#F4){ref-type="fig"} and reflected by similar levels of MPO activity (*p* \< 0.1) ([Fig. 4D](#F4){ref-type="fig"}). Interestingly, neutrophil accumulation in blood vessels and the interstitium was not observed after adoptive transfer of wt neutrophils.

Histopathological examination of LPS-treated glands of IL8R −/− (CXCR2 −/−) mice revealed a different situation in comparison to that described above. Although some neutrophil recruitment to the blood vessels and interstitium was observed in the absence of the IL8 (KC and MIP-2 in the mouse) signal ([Figs. 5A](#F5){ref-type="fig"} and [5B](#F5){ref-type="fig"}), neutrophil influx into the mammary gland was decreased as reflected by lower levels of MPO activity in mammary gland homogenates (*p* \< 0.0001) ([Fig. 5D](#F5){ref-type="fig"}). Recruited neutrophils are seen trapped on the basolateral side of the alveolar epithelium unable to transverse into the alveolar space ([Fig. 5C](#F5){ref-type="fig"}).Figure 5.Neutrophil recruitment into the mammary gland and across the alveolar epithelium is IL18 dependent. Mammary glands of lactating IL18R −/− (CXCR2 −/−) mice were infused with 10 μg LPS. H&E staining of formalin-fixed mammary tissues 24 h after LPS inoculation (A−C). Neutrophil recruitment into the mammary gland is markedly reduced (A and B). Recruited neutrophils are seen in capillaries and interstitium and trapped in between alveolar epithelial cells (arrows in C which is an inset of B) unable to transverse the epithelium to the milk space. Reduced neutrophil recruitment to the mammary gland was also indicated by the MPO assay (D). Significantly lower relative (LPS to PBS-challenged gland) MPO activity was observed in the mammary glands of IL18R −/− mice compared with wt Balb/c mice. Data are mean and S.E., *n* ≥ 6/group and *p* values represent a comparison between groups using the Student *t*-test. Scale bars 200 μm (A and B), 50 μm (C). (A color version of this figure is available at [www.vetres.org](http://www.vetres.org).)

3.5.. iNOS-derived NO is regulating neutrophil recruitment into the mammary gland {#S15}
---------------------------------------------------------------------------------

To investigate the role of iNOS-derived NO as a down-stream signal elicited by LPS/TLR4 signaling, iNOS −/− mice were intramammarilly challenged with LPS. Histopathological examination of LPS-treated glands revealed profound mastitis development characterized by massive recruitment of neutrophils into the alveolar spaces and milk ducts. No signs of inflammation were present in the interstitial tissue, and the blood vessels as well as the ductal and alveolar epithelium maintained normal morphology ([Figs. 6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}). Signs of disease and neutrophil recruitment were no different in wt (C57BL/6) ([Figs. 3A](#F3){ref-type="fig"} and [6C](#F6){ref-type="fig"}) versus the iNOS knockout mouse although more neutrophils were observed in the milk spaces of the knockout mice. This difference is further substantiated by the observation that MPO activity in the LPS infused gland of iNOS knockout mice was significantly higher than the MPO activity in LPS infused glands of wt mice (*p* = 0.0159) ([Fig. 6D](#F6){ref-type="fig"}).Figure 6.Neutrophil recruitment into milk spaces 24 h after intramammary infusion of 10 μg LPS in iNOS −/− (A and inset of A inB) and wt C57BL/6 mice (C). H&E staining of formalin-fixed mammary tissues (A−C). Neutrophil recruitment to the mammary gland was assessed by the MPO assay (D). Significant difference in relative (LPS to PBS-challenged gland) MPO activity was observed in the mammary glands of iNOS −/− mice compared with C57BL/6 mice. Data are mean and S.E., *n* ≥ 6/group and *p* values represent comparison between groups using the Student *t*-test. Scale bars 200 μm (A and C), 50 μm (B). (A color version of this figure is available at [www.vetres.org](http://www.vetres.org).)

4.. DISCUSSION {#S16}
==============

Our studies using adoptive transfer of normal macrophages into the mammary gland of TLR4-deficient C3H/HeJ mice challenged with LPS showed that alveolar macrophages are sufficient to elicit neutrophil recruitment into the alveolar space \[[@R10]\]. Here we show that TLR4-normal C3H/HeN mice depleted of alveolar macrophages were completely refractory to LPS intramammary challenge. Taken together, these results indicate that alveolar macrophages are both sufficient and essential for neutrophil recruitment elicited by LPS/TLR4 signaling in the mammary gland. Interestingly, similar results were reported in a murine model of inhaled LPS-induced lung inflammation where LPS/TLR4 signaling on pulmonary alveolar macrophages was both sufficient and essential for neutrophil recruitment into the alveolar spaces \[[@R14]\]. As recently suggested, LPS/TLR4 signaling on bone marrow-derived immune cells might be essential for neutrophil recruitment in barrier epithelial sites such as lung alveoli, intestinal tract, skin, eyes, mouth and reproductive organs \[[@R1]\].

The down-stream mediators of this LPS/TLR4 signaling is still unknown and prime candidates are the pro-inflammatory cytokines TNFα and IL1β, the chemokine IL8 (MIP-2 and KC in mice) and the inflammatory mediator NO. Increased gene expression and production of these factors by mammary cells, most probably mediated by the transcription factor NFκB \[[@R20], [@R21]\], have been demonstrated both in vitro and in vivo in *E. coli* and LPS bovine mastitis \[[@R15], [@R31], [@R34], [@R36], [@R43]\]. We show here that LPS/TLR4 signaling by alveolar macrophages followed by elevated mammary concentrations of TNFα, IL1β, MIP-2 and KC are important mediators of inflammation induced by bacteria and bacterial products. Hence for, we investigated the role of TNFα, IL1β, IL8 and NO as mediators and down-stream signal of neutrophil recruitment elicited by LPS/TLR4 signaling on alveolar macrophages.

We show here that TNFα produced by mammary alveolar macrophages in response to LPS/TLR4 signaling is an essential mediator eliciting blood neutrophil recruitment into the milk spaces. Intramammary infusion of TNFα was reported to induce neutrophil recruitment into the milk in lactating cows and sheep \[[@R26], [@R42]\], but failed to reproduce the full clinical disease. The high levels of blood and milk TNFα frequently reported to peak 12−24 h after challenge in LPS and *E. coli* mastitis are probably late events produced by recruited leukocytes \[[@R17], [@R21], [@R43]\] and other tissues \[[@R38]\]. The low levels of TNFα, locally produced by mammary alveolar macrophages, are probably undetected in milk and blood and exert local autocrine and paracrine proinflammatory effects, which are amplified, synchronized and propagated by effectors produced by other mammary cells. Activation of polar bovine mammary epithelial cells by TNFα was reported to elicit production and release of high levels of IL8 \[[@R8]\]. Current models of the neutrophil transepithelial migration postulate that induced secretion of CXC chemokines from the basolateral surface of epithelial cells initiates neutrophil influx by signaling through chemokine receptors on neutrophils. Mice have a single receptor for CXC chemokines homologous to the human and bovine CXCR1 and CXCR2. This receptor (CXCR2) is activated by KC and MIP-2, the functional homologs of human and bovine CXCL8 (IL8) \[[@R16]\]. Several previous studies implicated the importance of IL8 in neutrophil recruitment during mastitis. Our results suggest that IL8 signaling is essential for recruitment of blood neutrophils across the mammary alveolar epithelium into the milk spaces. In the absence of IL8 signaling, the number of neutrophils recruited into the mammary gland was reduced and those recruited were unable to cross the epithelial barrier. Similar results were reported with uropathogenic *E. coli* (UPEC) infection model in IL8R −/− mice where neutrophil entrapment under the urinary mucosal epithelium was observed \[[@R12], [@R13]\]. Furthermore, both urinary infection and inhaled LPS-induced lung inflammation studies demonstrated that neutrophil recruitment required functional IL8R on both epithelial cells and neutrophils \[[@R9], [@R29], [@R35]\]. These studies and our results might indicate that expression of IL8R on the mammary epithelial cells is required for neutrophil migration across this barrier. Interestingly, specific CXCR2 gene polymorphism was associated with in vitro neutrophil functions and susceptibility to mastitis in dairy cows \[[@R28], [@R44]\].

IL1β is another potent proinflammatory cytokine implicated to play a role in many inflammatory conditions and high levels were measured in the mammary tissues and milk of mastitic animals. Although recombinant IL1β was reported to cause neutrophil recruitment in various organs, intramammary infusion of IL1β and IL1 receptor antagonist in LPS-induced bovine mastitis suggested that IL1β does not mediate its effects in the milk compartments \[[@R33], [@R41]\]. Furthermore, apical activation of bovine \[[@R18]\] or murine (our unpublished results with EPH4 cells) polar mammary epithelial cells by LPS or *E. coli* failed to induce IL1β production by these cells and other mediators like TNFα might be the primary activator of mammary epithelium and endothelial cells. We have been able to show here that IL1β signaling is essential for recruitment of blood neutrophils across the mammary alveolar epithelium. Intramammary challenge with LPS in IL1R −/− mice resulted in massive recruitment of neutrophils into the mammary gland as indicated by the MPO activity and histopathology. However, recruited neutrophils were unable to cross the alveolar epithelial cells and were trapped in the circulation and interstitial spaces. Adoptive transfer of wt neutrophils into IL1R −/− mice just before intramammary LPS challenge was sufficient to restore normal recruitment of blood neutrophils into the mammary alveolar space. The large number of recruited neutrophils observed after this adoptive transfer is unlikely to be constituted only of the adoptively transferred wt neutrophils. Trans-signaling by wt neutrophils might have facilitated normal recruitment of IL1R −/− neutrophils which were not observed trapped in the circulation or interstitium. A possible mechanism might be the formation of "neutrophil permissive sites" by IL1β activated neutrophils which open migration routes for the IL1βR −/− neutrophils \[[@R39]\], however, further studies are required to elucidate the mechanism of this phenomenon in the mammary gland. These results indicate that IL1β signaling on blood neutrophils is both sufficient and essential to elicit normal neutrophil recruitment in response to intramammary LPS challenge.

Previous studies showed increased iNOS expression and NO production by mammary alveolar epithelium in response to LPS \[[@R23], [@R31]\] and elevated levels of milk NO in experimental LPS and *E. coli* bovine mastitis \[[@R4]\]. However, intramammary infusion of the iNOS inhibitor did not affect the course of the disease \[[@R5], [@R6]\]. We report here that neutrophil recruitment into the mammary gland in response to LPS was increased in iNOS-deficient mice. This observation is in line with previous studies showing that down-regulation of CXCR2 on neutrophils \[[@R30]\] and reduced neutrophil migration in sepsis are both mediated by iNOS-derived NO \[[@R7], [@R19]\]. Taken together, our results might indicate that iNOS-derived NO is an important regulator of inflammation in the mammary gland.

In conclusion we would like to suggest the following model describing the inflammation cascade initiated by bacterial LPS in the mammary alveolar space. Based on this and our previous study \[[@R10]\] we suggest that the strong proinflammatory effect of bacterial LPS in the mammary gland is mediated by TLR4 on alveolar macrophages eliciting the production of TNFα. The small number of alveolar macrophages which is also maintained during the mammary inflammation is unlikely to be the source of the high levels of cytokines and chemokines measured in the mammary gland by us and others \[[@R21], [@R40]\]. We predict that the macrophage derived TNFα exert local paracrine effects on the mammary epithelium which is amplified and propagated by these cells resulting in the production of high levels of effectors such as IL1β, IL8 and NO. In agreement with this hypothesis we showed that IL1β and IL8 signaling are essential for neutrophil recruitment which is regulated by NO.
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